Abstract. In the Czech Republic, Barley yellow dwarf virus (BYDV) and Wheat dwarf virus (WDV) are the prevailing viral species that can cause significant yield losses in cereal stands. Another virus, which has been on the increase in the Czech Republic and whose impact is expected to increase, is Wheat streak mosaic virus (WSMV). In this study, a TaqMan Multiplex Real-Time (qPCR) assay for simultaneous detection of BYDV (species PAV, PAS and MAV), WDV and WSMV was developed. Furthermore, additional assays for the viruses' quantification in wheat and barley were developed. The assay was optimised and used to identify possible synergistic or antagonistic relations between the viruses in wheat and barley which would be characterised by increases or decreases of the titre of the individual viruses. For this, a greenhouse experiment with artificial inoculations of mixed and single infections of BYDV-PAV, WDV and WSMV was carried out, and field samples from the wheat and barley stands with mixed and single infections of BYDV and WDV were collected. No trend of increasing or decreasing titre was recorded for any of the viruses apart from WSMV titre which was decreased approximately five times in mixed infections with BYDV or WDV compared with the single WSMV infection. Further analyses are needed to expand the idea of possible interactions between WSMV and WDV or BYDV.
Introduction
Poaceae is one of the most important plant families regarding number of species and its distribution in ecosystems and is a plant that feeds both humankind and animals. Poaceae also serves as a host to many pathogens, including more than 100 virus species (Lapierre and Signoret 2004) . In the Czech Republic, Barley yellow dwarf virus (BYDV) (Kundu et al. 2009a; Jarošová et al. 2013; Beoni et al. 2016) and Wheat dwarf virus (WDV) (Kundu et al. 2009b) are the prevailing viral species that can cause significant yield losses in cereal stands. BYDV is a Luteovirus transmitted by cereal aphids (Oswald and Houston 1951) , whereas WDV is a Mastrevirus transmitted by the leafhopper Psammotettix alienus (Vacke 1961) . These two dwarf viruses are also economically important in Germany (Huth 2000; Mehner et al. 2003; Klueken et al. 2009 ), Sweden (Lindsten and Lindsten 1999; Roos et al. 2011) , France (Henry and Dedryver 1991) and other European countries. The incidence of both dwarf viruses in winter cereal crops differs greatly from year to year and between fields and is very difficult to predict. Due to global warming, it is expected that insect-transmitted viruses, such as BYDV and WDV, will become more important in the future because longer and warmer periods in autumn will result in longer flight activities of the vectors, leading to an increased risk of winter cereals becoming infected by these viruses (Habekuß et al. 2009 ).
In the Czech Republic, another virus with its occurrence on the rise is the Wheat streak mosaic virus (WSMV). WSMV occurs worldwide in the wheat growing regions. It affects wheat, barley, corn and many other Poaceae species, including weed grasses (Burrows et al. 2009 ). WSMV is transmitted by a mite Aceria tosichella (Stenger et al. 1998) . Its occurrence can be very detrimental in the Great Plains in the North America, where yield losses can reach up to 100% (French and Stenger 2003; Burrows et al. 2009 ). In 2007, the virus was detected in the Slovak Republic (Kúdela et al. 2008) and in the Czech Republic (Gadiou et al. 2009 ). Its occurrence in the Czech Republic has had an increasing trend since then (Chalupniková et al. 2017) , and its impact is expected to become greater.
Very often, these infections occur in nature simultaneously in the same plant, with biological and epidemiological implications. Approximately 10% of the virus infected cereal plants have proven to be infected with more than one virus in the Czech Republic (Jarošová, unpubl. results) . The real number, however, may be higher, as NGS data revealed that mixed infections among plant viruses are probably a rule rather than an exception in natural pathosystems (Mascia and Gallitelli 2016) . When two unrelated viruses infect a plant, the viruses may produce an infection in which neither virus is affected by the other, or the viruses may interact to increase or decrease the amount of the viruses (Scheets 1998) . One-way synergistic interactions are characterised by a dramatic increase in the accumulation of infectious particles of beneficiary virus, whereas the titres of the helper virus remain unchanged (Vance 1991; Savenkov and Valkonen 2001) . The potyviruses usually serve as helpers and viruses of the genus Luteovirus (Barker 1989; Savenkov and Valkonen 2001) or Potexvirus (Vance 1991; Pruss et al. 1997 ) the beneficiaries. With WSMV belonging to Potyviridae, and BYDV, to Luteoviridae, the idea of a one-way synergistic reaction among these two viruses seems to be logical. Two-way synergistic interactions result in increased titres of both viruses (Savenkov and Valkonen 2001) . This is the case of a mixed infection with WSMV and Maize chlorotic mottle virus (MCMV) in corn (Scheets 1998; Stenger et al. 2007) .
It was shown that synergism was the result of the suppression of a host defence mechanism by the Hc-protease, which is encoded in the potyviral genome (Voinnet et al. 2015) . In geminiviruses, AC2 in the bipartite African cassava mosaic virus (ACMV), and the product of C2, a positional homologue of AC2 in the monopartite Tomato yellow leaf curl China virus (TYLCCNV), have both been identified as suppressors of PTGS (Vanitharani et al. 2004) .
Quantitative real-time PCR (qPCR) has become a gold standard for the quantification of nucleic acids and microorganism abundances (Hou et al. 2010) . In general, two quantification strategies can be applied to analyse the RTqPCR data. The levels of expressed genes can be measured by absolute quantification using a standard curve (and reference genes) or by relative quantification using validated reference genes in RT-qPCR (Filion 2012) .
The aim of this paper was to develop a reliable and sensitive method of detecting and determining the viral load of all three viruses in one tube and, furthermore, to use this method to identify possible synergistic or antagonistic relations between the viruses in wheat, which would be characterised by increases or decreases of the titre of the individual viruses.
Material and methods

Plant material and virus inoculation Survey of multiple cereal virus incidence in the Czech Republic
Collection of samples from cereal fields of wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) was performed during 2012-17 in selected regions of the Czech Republic: Central Bohemia, Ústecký, Plze nský, Vyso cina, Zlínský, Olomoucký and South Moravia. Six samples from each field were collected during early spring -late autumn based on the suspicion of disease by visual observation in the field. The samples were tested by DAS-ELISA (SEDIAG, Breteniére, France) for the incidence of BYDV, WDV and WSMV. For the study, samples were chosen from the fields where single as well as multiple infections occurred. Unfortunately, there were not enough fields where mixed infections of WSMV and other viruses occurred. Therefore, field determination of WSMV interaction with BYDV and WDV could not be implemented. There were 12 fields chosen where mixed BYDV and WDV infections occurred and also single infections of BYDV and/or WDV were found (see Supplementary materials table 1 available at journal's website). The presence of the viruses was confirmed by end-point PCR according to Gadiou et al. (2009) and Kundu et al. (2009a Kundu et al. ( , 2009b . These samples were used for qPCR analyses by the developed Triplex assay. The details are included in Supplementary material table 1. Six samples were always chosen as a set from each field to ensure that individual plants grown in relatively uniform conditions were compared. Furthermore, samples infected with WSMV were used together with the above mentioned samples for the validation of the multiplex detection assay reliability. Some of those were infected with WSMV only; some of them were mixed infections of WSMV and BYDV/WDV.
Mixed infections in greenhouse conditions
In greenhouse conditions, an experiment on the interactions of WDV, BYDV-PAV and WSMV was carried out. Wheat cultivar Florett was sown into 10-cm-diameter pots grown in net isolators at 218C with 16 h light and 60% humidity. The plants to be inoculated with WDV were kept in isolators individually as to prevent the free movement of the leafhoppers and enable their recollection after the inoculation; other groups of plants were kept in the designed groups together. phosphate buffer (pH 7.2) and carborundum powder. The plants used as the source of inoculum were grown in controlled conditions and checked regularly for presence of WSMV and absence of other viruses (BYDV, WDV) by ELISA and by RT-PCR. For BYDV-PAV inoculation, five infective aphids Rhopalosiphum padi were placed with a fine hair paint brush on each plant. The aphids had been starved for 24 h before the inoculation. For WDV inoculation, 10 leafhoppers Psammotettix alienus carrying WDV were placed in each isolator. Healthy controls were mock-inoculated, and/or virus-free aphids were placed on the plants. The plants were sprayed with an insecticide 5 days later (before that the leafhoppers were collected with an aspirator) and collected 14 days later (14 dpi). The plants were submerged in liquid nitrogen and kept at À708C until further analyses.
RNA isolation and cDNA preparation
The plant samples were ground in liquid nitrogen, and RNA was extracted from 100 mg of leaf tissue. RNA was isolated using a Spectrum Plant Total RNA Kit (Sigma-Aldrich, St Louis, MO, USA), according to the manufacturer's instructions. In the case of WDV (DNA virus), its mRNA was therefore isolated. The concentration and purity of the isolated RNA was then measured spectrophotometrically (NanoDrop 2000; Thermo Scientific, Wilmington, DE, USA). Complementary DNA was produced using 3.5 ng of total RNA, random hexamers and RevertAid RT (Thermo Scientific), according to manufacturer's instructions. Finally, the cDNA was 10-fold diluted for the qPCR assays.
Multiplex assay design
For the multiplex TaqMan qPCR assay, published and newly designed primers and probes were used. The genome sequences of European isolates of WSMV available in the NCBI database were obtained and were aligned using BioEdit version 7.0.9.1 alignment sequence editor (www.mbio.ncsu.edu/bioedit/ bioedit.html, accessed 27 June 2018), and the most conserved regions were selected. Specific primers and probes for WSMV CP and HC-Pro sequences were designed using the PrimerQuest Tool (IDT). For BYDV and WDV detection, primers and probes of Fabre et al. (2003) and Zhang et al. (2010) were used, respectively. Furthermore, primers and probes for internal plant reference genes were designed from sequences obtained from NCBI using OligoArchitectÔ (Sigma Aldrich). The sequences and nucleotide coordinates of the designed primers and probes and other primers used in this study are given in Table 1 .
A specific BYDV, WDV and WSMV nucleotide sequence (amplified by RT-PCR using primers BYcpR/F, V2Rev2/V1Fr and WSMV8909R/8166F -for details, see Supplementary material table 1) was inserted into the vector pGem-T Easy (Promega, Madison, WI, USA) and cloned into E. coli DH5a, from which the plasmid was thereafter isolated. The amount of DNA was quantified by spectrophotometry (NanoDrop 2000; Thermo Scientific). For calculation of the number of copies in the plasmid, the following mathematical formula was applied: number of copies = (amount of DNA Â 6.022 Â 10 23 )/(length of the plasmid Â 1 Â 10 9 Â 650). Ten-fold serial dilutions of the transcripts were prepared individually and mixed in a single tube. The transcripts were diluted either in water or in cDNA from wheat samples free of BYDV, WDV and WSMV that tested negative in Multiplex qPCR.
The assays were carried out in a LightCycler 480 (Roche, Basel, Switzerland) using the LightCycler ® 480 Probes Master Mix (Roche), to which the individual primers and probes were added at a concentration of 0.17 mM, together with 3 mL of cDNA template. The conditions were as follows: 10 min at 958C of initial denaturation; 40 cycles of amplification (10 s at 958C, 40 s at 608C and 1 s at 728C) and 10 min of cooling at 408C. Prior to multiplexing, LightMix ® Universal Colour Compensation Hexaplex (Roche) was used to calibrate the individual fluorescence signals. The Cp values were converted into absolute values using the second derivative maximum method (Luu-The et al. 2005) . All the samples and standards were run in triplicates. A Cp value of 35 was set as the threshold for virus-positive samples; therefore, all the samples with a value higher than 35 were regarded as negative.
For the quantification, combinations of three reference genes for wheat and three reference genes for barley were used according to Jarošová and Kundu (2010) with the exclusion of 18S rRNA as one of the target genes. The 18S rRNA was proven to be unsuitable for the multiplex assay due to significantly higher concentration of rRNA as compared with (2007) mRNA of the other genes. The reference genes were run in separate triplex reactions. For the wheat, combination of TUBB (b-tubulin gene), EIF4A (Eukaryotic initiation factor 4a) and TUBA (a-tubulin gene) was selected. For the barley, TUBB, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and EIF4A were selected. The assays' design (choice of fluorescent probes) and conditions (chemistry and reaction conditions) are identical to the conditions of the multiplex assay for the virus detection. The relative gene expression ratios were calculated by a mathematical model, which includes an efficiency correction for qPCR efficiency of the individual transcripts (Pfaffl 2001) . The average value of the three relative gene expression ratios was used for the correction of the virus quantification.
The reproducibility of the assay was validated using samples from the greenhouse experiment (90 samples for TUBB and then 30 randomly chosen samples for TUBA and EIF4A). Individual gene expression was determined by SYBR Green I technique as in Jarošová and Kundu (2010) and then by Multiplex TaqMan with the designed primers and probes. The differences in expression were compared by correlation and also by Bland Altman test (Bland and Altman 1986) .
The efficiencies of all the primer and probe combinations were tested in different concentrations on 10-fold serial dilutions of positive samples/standards covering at least five (field samples) to seven (standards) orders of magnitude in qPCR.
Validation of the Multiplex assay
For the validation of reliability of the qPCR detection assay, all the selected samples from cereal survey in the Czech Republic were used for total RNA isolation and cDNA preparation as described above. Then, end-point PCR, Simplex and Multiplex TaqMan qPCR was carried out. The conditions of the end-point PCR were following: initial denaturation at 958C for 2 min followed by 35 cycles of 30 s at 958C, 30 s at 598C, 30 s at 728C, and the last step of final extension at 728C for 10 min. The PCR products were visualised on 1% agarose gel. The primers used are listed in Table 1. The BYDV species were then distinguished by RFLP according to Kundu et al. (2009a) .
Statistical analyses
All the data were analysed using GraphPad Prism 7 software. The normality of the distribution of the data were tested by the D'Agostino and Pearson normality test, as well as the Shapiro-Wilk normality test and the Kolmogorov-Smirnov normality test. The greenhouse experiment data were analysed by Kruskal-Wallis ANOVA. The field samples were grouped according to their origin, with each group containing six samples representing one field (Supplementary material  table 1 ). The samples were pooled according to their infection spectra (single BYDV, single WDV, mixed BYDV + WDV), but always within the one field. The number of the pooled samples varied according to the number of mixed and single infections found (e.g. field Brou18 -one sample of mixed infection; two samples of BYDV; two samples of WDV). The pooled sample titre values were averaged and were first tested for normality. Normality was rejected. Therefore, a Wilcoxon matched-pairs test was used for the comparison.
Results
Multiplex detection assay -sensitivity, specificity, efficiency
A multiplex detection assay based on TaqMan chemistry for the simultaneous detection of BYDV, WDV and WSMV was developed in this study. It is based on three pairs of primers and three probes with different fluorescent signals (FAM, HEX, Cy5).
First, different concentrations of primers and probes were tested, and high variability among the results was recorded. The individual concentrations of 0.1 mM, 0.13 mM, 0.17 mM, 0.22 mM and 0.25 mM were tested. The concentrations with the highest reliability and lowest Cp were chosen. The ideal concentration of the primers and probes in the multiplex assay turned out to be identical for all the primers and probes: 0.17 mM (1.53 mM total concentration). Lower concentrations led to unreliable results (samples with higher Cp stayed undetected), and higher concentrations did not lower the Cp values significantly and were therefore unnecessary. Different concentrations of individual primers and probes resulted in preferential amplification of one virus, to the detriment of others.
Furthermore, the efficiency of the individual assays was determined using 10-fold serial dilutions of standards (isolated plasmids from cloned bacteria) and field samples. There were slight discrepancies among the efficiencies of the different dilutions. The efficiency of BYDV varied from 94% to 98%, with the slope being between -3.47 and -3.37. The efficiency of WDV varied from 103% to 110%, with the slope being between -3.25 and -3.11. Finally, the efficiency of WSMV varied from 100% to 109%, with the slope being between -3.31 and -3.13 (Fig. 1) .
The reliability of the detection capacity was tested on 88 cereal samples collected from fields in the Czech Republic. All the samples were tested for the presence of BYDV, WDV and WSMV by ELISA, end-point RT-PCR, and Simplex and Multiplex TaqMan qPCR. All the results were compared (see Table 2 ). In one sample, even though BYDV was detected by ELISA, the sample was shown to be negative by End-point PCR, as well as by qPCR. Otherwise, the molecular methods were more successful in detecting all the tested viruses than the serological ELISA. There was a significantly higher proportion of samples in which WSMV was detected using the molecular techniques, as almost twice as many samples were positively detected (Supplementary material table 2 ). There was uniformity in detecting the viruses by different PCR techniques.
RFLP analysis was used to distinguish the BYDV species in the field samples. There was a majority of BYDV-PAS species (77%), followed by BYDV-PAV (20%) and BYDV-MAV (3%). All of those species were detected by Multiplex TaqMan qPCR assay. In no sample, a mixture of BYDV species was recorded.
The Cp values for BYDV ranged from 11 to 32. This corresponds to 10 10 to 10 2 cDNA copies. The Cp values for WDV ranged from 14 to 32. This corresponds to 10 9 to 10 2 cDNA copies. The Cp values for WSMV ranged from 14 to 32. This corresponds to 10 9 to 10 2 cDNA copies. Cp values higher than 35 were regarded as negative. With the cloned standards, the assay reliably detected the range of 10 3 to 10 10 DNA copies for BYDV, 10 2 to 10 10 DNA copies for WDV and 10 3 to 10 11 DNA copies for WSMV. This range should therefore be accepted as a reliable range of detection. Higher or lower dilutions resulted in negative sample readings. All the samples had slightly lower Cp values when run in Multiplex assay than when run in the Simplex assay. The Cp values of the identical samples run in the Multiplex and Simplex assay varied by~0.5 (one cycle).
Quantification assay
The multiplex assays for transcripts levels' determination of three internal reference genes of wheat and barley were developed. This way, the virus quantification can be normalised. The normalisation is to be run in a specific triplex assay separately for wheat and for barley. For wheat, genes TUBB, eif4a and TUBA are included. For barley it is TUBB, GAPDH and TUBA (see Table 1 ).
The reproducibility of the assay was validated using samples from the greenhouse experiment. Individual genes expression was determined by SYBR Green I technique as in Jarošová and Kundu (2010) and then by Multiplex TaqMan with the designed primers and probes. The correlation coefficient was 0929 for TUBB; 0978 for EIF4A; and 0954 for TUBA (Fig. 3) . The results of the Bland Altman test were also within the limits of agreement (LoA) -defined as the mean difference AE 1.96 s.d. of differences (95% CI) (Supplementary material fig. 1) .
Therefore, if the aim is to detect the viruses, only one assay (with the primers and probes for viruses' detection) is necessary. For the quantification purposes, the samples are run twice: one triplex assay for the detection and quantification of the three viruses; and the second triplex assay for the determination of the three reference genes expression used in normalisation of the quantification. 
Cereal viruses interaction experiment in greenhouse conditions
In greenhouse conditions, wheat plants were artificially inoculated at the same time with different combinations of BYDV, WDV and WSMV and harvested and analysed 14 dpi. The numbers of plants successfully inoculated with each virus were first analysed by end-point RT-PCR and Multiplex TaqMan RT-qPCR. In the case of BYDV and WSMV, the inoculation efficiency was 100% in all groups. In the case of WDV, the inoculation efficiency was 80% for the WDV single infection, 60% for the mixed infection with BYDV and 67% for the mixed infection with WSMV.
The titre of the different viruses was determined by the developed multiplex TaqMan RT-qPCR assay. For the normalisation, the relative quantification with the average value of three gene expressions (TUBB, EIF4A, TUBA) relative ratios was used. The Cp values were unevenly distributed. The Cp values for BYDV ranged from~14 to 24, corresponding to 10 6 to 10 10 of the cDNA copies. In the case of WDV, not all the samples tested positive. Therefore, only the positive samples were used for the analyses. Cp values for WDV varied between 11 and 24, corresponding to 10 5 to 10 10 cDNA copies. The Cp values for WSMV ranged from 15 to 28, corresponding to 10 4 to 10 9 cDNA copies. The relative values for the individual groups were first tested for normality. Because normality was not confirmed, a non-parametrical Kruskal-Wallis ANOVA was used to compare the groups. No statistically significant differences were recorded for BYDV and WDV. No higher or lower BYDV and WDV virus loads were recorded for wheat plants infected at the same time with single BYDV or WDV, or with combinations of the viruses (BYDV + WDV, BYDV + WSMV or WDV + WSMV).
However, WSMV virus load was significantly higher (P = 0.05) in single infection when compared with the mixed infections with BYDV and WDV (Fig. 2) . The presence of the second virus therefore seemed to have a negative effect on the WSMV RNA accumulation in the samples and the targeted viral RNA was approximately five times lower. 
Cereal viruses interaction analysis of field collected samples
For this study, 12 fields were chosen where mixed BYDV and WDV infections occurred and single infections of BYDV and/or WDV were found (see Supplementary material table 1).
The titre of the different viruses was determined by the developed multiplex TaqMan RT-qPCR assay. Absolute quantification with normalisation of the average value of three gene expressions (TUBB, EIF4A, TUBA) relative ratios was used as a method of choice. The titre of WDV and BYDV was calculated for the individual samples. The titre of BYDV varied between 10 8 and 10 11 cDNA copies. The titre of WDV was more unevenly distributed, ranging from 10 3 to 10 9 cDNA copies. A Wilcoxon matched-pairs test of the pooled samples was used for the comparison. In the case of WDV, the titre was very uniform between the samples within the individual fields (see Fig. 4 ). In the case of BYDV, however, this was not so. In some fields, the titre of BYDV was much higher in the single infection in some fields in mixed infections (Fig. 4) . However, no statistical differences were found between the groups either for BYDV or for WDV.
Discussion
The basic aim of this study was to simplify the routine detection and quantification of three cereal viruses with important economic impact in Central Europe -BYDV, WDV and WSMV. Until now, to the best of our knowledge, no simultaneous detection method of these viruses has been developed. Price et al. (2010) With the BYDV and WSMV being RNA viruses, and WDV is a DNA virus, we first decided to detect WDV mRNA rather than DNA, as it does not require isolation of the total nucleic acids from the sample, which is not a standard protocol in many laboratories. Therefore, any laboratory standard protocols for RNA isolation from cereal samples can be used for this assay.
Published primers and probes were first tested in a simplex TaqMan RT-qPCR protocol. Unfortunately, published primers and a probe for WSMV detection (Price et al. 2010) could not be used, probably because of the differences in the sequences of the American and European isolates. The majority of the field and laboratory isolates remained undetected. Therefore, primers and a probe based on the alignment of the European sequences of WSMV were designed.
The concentration of individual primers and probes proved to be crucial for assay sensitivity (meaning analytical sensitivitythe smallest amount of substance in a sample that can accurately be measured by an assay). The best results were achieved when the concentration of all primers and probes was the same -any misbalance caused preferential amplification. Preferential amplification of one target sequence over another is a known phenomenon in multiplex PCR (Markoulatos et al. 2002) , and similar results were recorded in the past (Elizaquível and Aznar 2008; Balashov et al. 2014) . However, with an even concentration of the primers and probes, no preferential amplification of one virus over another, even in low concentrations, was recorded. This was probably caused by the relatively similar titres of all three viruses. Markoulatos et al. (2002) notes that if the primer-to-template ratio is too low, product will not accumulate exponentially since newly synthesised target strands will renature after denaturation or inhibit the formation of PCR product. In our case, reducing the individual primers and probes concentration to under 0.17 mM resulted in reduced sensitivity and many positive samples remained undetected.
The efficiency of PCR is defined as the fraction of target molecules that are copied in one PCR cycle. A properly designed assay shall, in the absence of interfering substances in the sample matrix, amplify target DNA with at least a 90% efficiency (Svec et al. 2015) . The efficiency of each reaction was determined using different approaches in simplex and in multiplex reactions using serial dilutions of cloned standards or using serial dilutions of total RNA (cDNA) from the field and laboratory isolates of the virus. There were minimal discrepancies in the individual efficiencies between the simplex and multiplex reactions; however, constant differences between the individual origins of the serial dilutions (cloned standards and plant samples) were recorded. The efficiency varied by as much as almost 10% for WSMV (100-109%), 7% for WDV (103-110%) and 4% for BYDV (94-98%).
The serial dilutions of the cDNA samples always resulted in a lower efficiency. In the case of the DNA samples, the lower efficiency might be caused by the samples being contaminated with PCR inhibiting compounds (Meijerink et al. 2001; Kontanis and Reed 2006) . When the standard curve is based on the serial dilution of a single cDNA sample (as in our case), the chance also exists that the sample is contaminated, resulting in a lower-than-expected PCR efficiency. However, dilution of this sample will also dilute the 'poison' and decrease its effect on the PCR reaction, thereby increasing the PCR efficiency with each dilution step (Ramakers et al. 2003) . The differences in the efficiencies are in a range that would agree with this explanation. For the final quantification, the cloned standards were mixed with cDNA field samples in which no targeted virus had been found by ELISA, End-point RT-PCR or TaqMan RT-qPCR. This way, the efficiency should be closer to the real values of the field samples. This is also in agreement with the recommendations of Svec et al. (2015) . The multiplex TaqMan was successful in detecting all the samples and viruses previously detected by ELISA and by endpoint RT-PCR apart from one sample where BYDV was detected by serological ELISA but not by any PCR methods. This is most likely caused by incorrect labelling of the sample, as in our experience all the BYDV samples detected by ELISA are also detectable by BYcpR/BYcpF primer pair used in the end-point PCR.
The samples that tested positive for BYDV were further analysed by RFLP to identify the individual BYDV-species. The majority of the samples were BYDV-PAS, followed by BYDV-PAV and BYDV-MAV. This is in accordance with previous findings of Jarošová et al. (2013) . Other closely relative species such as CYDV-RPV or MYDV-RMV were not tested as their occurrence has not been recently observed in the Czech Republic. The multiplex assay was able to detect all the three strains reliably. Another phenomenon that was noted when validating the Multiplex assay was lower Cp values for the identical samples run in Multiplex reaction than for the samples run in Simplex assay. This contrasts with the findings of Mumford et al. (2004) , whose assay for the Multiplex detection of BaYMV and BaMMV obtained the Cp values for simplex assays that were lower than those obtained from multiplex tests in nearly all cases. In a multicolour reaction, the wavelengths of light emitted by the dyes can overlap, causing one channel to pick up signals from more than one dye (López-Fabuel et al. 2013) . Even though this effect was reduced by running and including colour compensation assays, the trend persisted. However, both formats gave exactly the same results in terms of the actual detection of the virus. Furthermore, the efficiency of the reactions stayed the same in the simplex and in multiplex assay. Nevertheless, we strongly recommend running a colour compensation assay before putting our multiplex assay to practice.
Apart from developing a detection method, we also aimed for the method to quantify the viral load in the sample. Considerations were given about the normalisation of the quantification by reference genes. One of the constraints of any multiplex TaqMan qPCR method is the number of target genes that can be detected in one tube. This is highly dependent on the type of instrument and its ability to detect different dyes. The maximum number of dyes detectable by an instrument varies from 2 to 5 dyes. Normalisation against a single reference gene is not acceptable unless the investigators present clear evidence that confirms its invariant expression under the experimental conditions described (Bustin et al. 2009 ). According to Jarošová and Kundu (2010) , the use of four reference genes (GAPDH, 18S rRNA, TUBB and TUBA/ EIF4A) is sufficient for the reliable normalisation of the viral genes in wheat and oats, and three genes (GAPDH, TUBB and 18S rRNA) are necessary for barley. Including such several reference genes in one tube was therefore impossible. Absolute quantification with no normalisation factors can lead to erroneous determination of the RNA/DNA levels (Jarošová and Kundu 2010; Filion 2012) . Samples of different origins and conditions are practically incomparable without normalisation. We therefore propose to use separate multiplex assays targeting the reference genes of barley (GAPDH, TUBB and TUBA) and wheat (TUBB, eif4a and TUBA) using TaqMan technique (FAM, HEX, Cy5). The assays were tested against the SYBR Green I technique used in Jarošová and Kundu (2010) . Correlation analyses (Fig. 3) and Bland Altman tests (Supplementary material fig. 1 ) results suggest that the TaqMan technique does not vary significantly from the SYBR Green original techniques, even though new sets of primers compatible with the probes had been designed and the assay was run as triplex.
The assay was attempted for use in the quantification of the three viruses (WSMV, BYDV and WDV) artificially inoculated in wheat; and for BYDV and WDV in naturally occurring co-infections of barley and wheat.
WSMV has been known to be involved in synergistic interactions (Slykhuis and Bell 1966; Scheets 1998; Stenger et al. 2007; Tatineni et al. 2010) . In a typical synergistic reaction, the concentration of the potyvirus involved remains unaffected or slightly decreased, whereas the accumulation of the non-potyvirus increases dramatically (Syller 2012) . In coinfection with WSMV, however, the titre of MCMV was, on average, 3.3-to 11.2-fold higher in doubly infected plants than the average concentrations in plants inoculated with MCMV, whereas the titre of WSMV was 1.6-to 5.2-fold higher in mixed infections (Scheets 1998) . The interaction between WSMV and TriMV in the cultivars Arapahoe and Tomahawk at 14 dpi was also mutually beneficial because the concentration of individual viruses increased by 2.2-to 7.4-fold over single infections (Tatineni et al. 2010) . In our study, the titre of WSMV in mixed infections with BYDV or WDV, as quantified by Multiplex TaqMan RT-qPCR assay, was approximately five times lower than in the single infections (Fig. 2) , which would be in accordance with the typical synergistic Potyvirus reaction (Syller 2012) . However, the titres of BYDV and WDV did not vary in the mixed infections when compared with the single infections.
In our study, there was only one time point of sample collection -14 dpi. This period was chosen due to our prior analyses of the BYDV infection development in young wheat plants when repeatedly the most intensive exponential phase of the virus accumulation occurred 10-14 dpi (J. Jarošová, unpubl. results) . In the study of Tatineni et al. (2010) , there were two time points of samples collection -14 and 28 dpi. However, in the qPCR analyses, the main differences in the titre were observed 14 dpi. At 28 dpi, the titre varied by as little as by 0.5-fold. Nevertheless, another time point of the sample collection might have resulted in different data.
The same applies for field samples of BYDV and WDV. Even in this case, there were no statistical differences in the viral titre, as measured by Multiplex TaqMan RT-qPCR, in single and mixed infections. In this case, the information about the duration of the disease development is missing because the samples were infected randomly and in uncontrolled conditions of the field. This fact can be a source of bias and the idea of the synergistic/antagonistic interaction between the viruses cannot be contradicted. Furthermore, the samples might have been infected by less commonly occurring cereal viruses that were not tested for.
In conclusion, the Multiplex TaqMan RT-qPCR assay developed in this study can reliably detect European isolates of BYDV, WDV and WSMV in samples. Furthermore, it can be used in combination with the reference genes assay to quantify the viral load in the samples of wheat and barley. The synergistic/antagonistic relationship among BYDV, WDV and WSMV can be neither rejected nor confirmed. The lower WSMV titre in mixed infections could lead to a theory of some synergistic reaction. However, more data collected at different time points and experiments aimed at symptomatology are needed to confirm this theory. The slightly lower ability of WDV to infect wheat plants in the mixed infections with BYDV and WSMV than in the single infections might also deserve further attention.
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